Introduction
A key component of automatic planning systems for robot assembly operations is a gross-motion planner for the manipulator and its payload. Motions of the manipulator should be planned to avoid collisions with obstacles in the workspace.
In this paper, a new approach is presented to planning collision-free motions for a manipulator with revolute joints (e.g., a Unimation 560, known as a PUMA). It is based on a method previously presented for planning motions for a polygon through a twodimensional workspace (Brooks 1983 The best-known time bounds of these algorithms, however, have exponents that make them impractical, and indeed their implementation complexity is staggering and untried.
In this paper, &dquo;hard&dquo; means that all algorithms for the general problem can be expected to have large-exponent, worst-case behavior and to have constant factors that make them slow even for simple problems. In addition, such algorithms are expected to be complex to implement. These expectations are based on (1) the nondecomposability of the problem and (2) the di~&culties associated with three-space rotations.
Locally, at any point in the interior of the working volume of a six-degree-of-freedom manipulator, the payload can be made to follow an arbitrary curve in three space, with arbitrary reorientation. But even for simple motions, such as movement in a straight line with fixed orientation, all of the first three joints of the manipulator are involved (see Fig. 2 for an illustration of the PUMA's joints). Thus The geometry of the workspace may come from either geometric models or from direct observation by sensors of some sort. The free space might be described explicitly or it might be the occupied volumes that are described explicitly.
The examples in this paper were all generated using geometric models of space-filling volumes. The free-space descriptions were computed from those models. A pair of cameras directly overhead were used to collect this data. An algorithm that computed coarse surface descriptions of objects in the workspace was used. The descriptions were two-dimensional surface patches parallel to the image planes of the camera, along with a depth measurement (the system developed at MIT by Nishihara [ 1983] (Lozano-P6rez 1981; of 0 and a. Furthermore, the upper arm cannot change orientation,in 0-a space, and its shape is fixed (in contrast to the payload, which changes shape as things are picked up and put down) over all time. Therefore, special knowledge of that shape can be compiled (in contrast to the general shape characterization used for the payload).
In general, the task of mapping three-space polyhe- Figure 7 shows an example. This space is two dimensional, and so the descriptive machinery (Brooks 1983 ) can be applied to describe freeways in this space (see Fig. 8 ). Note that only a point need be moved through this space, and that all freeways are actually rectangles aligned with the axes.
Since there is no shape associated with the moving object, there is no need to restrict motion to the spines of the freeways. Thus, although Fig. 9 Fig. 1 and Fig. 13 . Fig. 9 Figure 18 shows the spines of freeways found at tabletop level of the scene in Fig. 1 . Figure 19 shows freeways at the next level, and Fig. 20 Fig. 1.   Fig. 15 . The definition of R(~, the radius function of an object. every 0.5 + rl farther out, until the opposite edge is reached.
At a particular height, the reach of the manipulator can be determined (see the Appendix). Over a horizontal slice of the workspace, the minimum reach is used to bound the extent of motion along each freeway. Figure 21 shows the spines of all the freeways found for the situation in Fig. 1.   Fig. 16 . The local geometric construction ofR(Ç) = dz cos(~ -ri2). Fig. 17. Function R in polar. coordinates.
Legal Orientations
All the freeways are checked for intersection in x and y coordinates. The height, or z coordinate, is ignored for this step.
At each point of intersection and for each freeway, the legal orientations can be determined for the object such that it is contained within the freeway. The original paper Brooks ( 1983) Figure 7 shows the 0-a boxes generated by the scene in Fig. 1 
